Background The increased prevalence of spinal fusion surgery has created an industry focus on bone graft alternatives. While autologous bone graft remains the gold standard, the complications and morbidity from harvesting autologous bone drives the search for reliable and safe bone graft substitutes. With the recent information about the adverse events related to bone morhogenetic protein use, it is appropriate to review the literature about the numerous products that are not solely bone morphogenetic protein.
Introduction
Spinal fusion surgery has significantly increased over the past few decades as new technology emerges to facilitate patient comfort and mobility [1] . Accordingly, the percentage of total spending on spine surgery including spinal fusion and new spinal fusion devices has also grown [1] . Arthrodesis is important in a wide range of spinal disorders including, but not limited to, scoliosis, degenerative disk disease, spondylolisthesis, spinal stenosis, and vertebral fractures [2] [3] [4] [5] [6] [7] . Classically, autologous bone graft has been used to create fusion masses and in some cases to provide immediate structural support [8, 9] . Harvesting of autologous bone graft has limitations and has significant morbidity, as shown in Table 1 [10] [11] [12] [13] [14] . Previously, with the development of bone morphogenetic protein, many surgeons felt that the search for a suitable bone graft alternative was complete. Now that the adverse event profile has recently changed for bone morphogenetic protein, there is currently a re-evaluation of its application. The search for alternative biomaterials that will extend and supplement local bone graft continues.
Significant progress has been made in the field of bone graft alternatives with multiple different types such as cadaver-derived bone, animal-derived bone, synthetics, and combinations of the above. However, iliac crest bone graft (ICBG) remains the ''gold standard'' of graft options as it is both osteoconductive, providing a scaffold for osteoblast adherence and neovascularization, and osteoinductive, stimulating precursor cells to migrate into the graft site and differentiate into osteoblasts [8, 9] . Autologous laminectomy bone (ALB) is often used as a bone graft instead of ICBG and also has excellence fusion rates as it contains three critical elements for enhanced osteogenesis: the trabeculae of the bone provide an osteoconductive scaffold, it contains bone morphogenetic proteins (BMPs) with osteoinductive potential, and it contains osteoblasts as a source of osteogenic cells [6, 15] . Despite the associated donor site morbidities, as shown in Table 1 , increased blood loss, operating time and hospitalization time, iliac crest autograft is still the graft of choice for spine surgery because of the excellent fusion rates [10] [11] [12] [13] [14] .
There are an overwhelming amount of alternatives to enhance or substitute for autologous bone. We will evaluate the use of various forms of allograft, platelet gels, and ceramics as alternatives to bone graft. Allograft bone is neither osteogenic or osteoinductive, and thus does not induce new bone formation in the same manner as autogenous bone graft. The porosity of allograft is comparable to live bone, and promotes new bone formation by providing an osteoconductive scaffold. Fresh-frozen allograft contains some growth factors for osteoinduction. Demineralized bone matrix (DBM) is not used as a structural graft because of its consistency, but is able to act as graft extender due to its osteoinductive and osteoconductive characteristics. Platelet gels are osteoinductive, and are used as bone graft enhancers in conjunction with ICBG, ALB, or allograft bone. Ceramics are osteoconductive and biodegradable bone graft scaffolds [16] [17] [18] [19] . ALB and ceramics may be combined with bone marrow aspirate (BMA) to enhance the osteoinductive and osteogenic potential [15] . Each graft alternative has advantages and disadvantages, and the options must be considered on an individual, risk-benefit basis to select the best option for each patient undergoing spinal fusion. The purpose of this manuscript is to review the efficacy of different non-bone morphogenetic protein bone graft alternatives in the most common spine procedures, and to summarize the research that has been done on their safety and efficacy in the literature, and provide recommendations based on the level of evidence for each bone graft substitute.
Methods
A literature search of MEDLINE , CINAHL (1937 CINAHL ( -2012 , and the cochrane central register of controlled trials (1940-April 2012), was performed, and this was supplemented by a hand search. The search strategy was designed to with the concept of maximum sensitivity. The only limitations were the studies were in the English language and on human subjects. The studies included in this review are only studies of a comparative nature, such as randomized controlled trials (RCTs), prospective comparative studies between iliac crest bone graft and a bone graft substitute, retrospective comparative studies between different bone graft substitutes. Due to the importance of their contribution, well done cohort studies with mid to long-term outcomes of either iliac crest bone graft or a bone graft substitute were included if they were felt to clearly help understand the outcomes of the bone graft substitute. The spinal procedures reviewed in this review are the most common procedures with enough comparative studies to evaluate the strength of evidence. These procedures include anterior cervical discectomy and fusion, anterior lumbar interbody fusion, posterolateral lumbar fusion, transformational lumbar interbody fusion, and posterior spinal fusion for adolescent idiopathic scoliosis. Figure 1 demonstrates the number of studies found at each stage of the literature search process.
The articles were then reviewed based on the quality of the research. The recommendations are based on a standardized reference for the quality of research supporting use of different products. In a literature review conducted by Miyazaki et al., the authors created a standardized recommendation grading scale based on the Guyatt criteria shown in Table 2 [17, 20] . The Guyatt criteria grading scale is currently the most compelling and innovative approach, in which a recommendation is given a number (1 or 2) and letter (A, B, or C) designation. The number designation is based on the trade-off between the benefits If, based on current literature, the benefits clearly do or do not outweigh the risks, a Grade 1 (strong) recommendation is made. For example, use of short-term aspirin after myocardial infarction has been shown through randomized controlled trials to reduce the relative risk of death with minimal side effects and low cost, and has been given a strong Grade 1 recommendation from the American College of Chest Physicians Task Force [21] . With less certainty of the balance between benefits and risks, in which patients' or societal values or circumstances may be more influential because the evidence is weak, a Grade 2 (weak) recommendation is made. The letter designation represents the quality of the underlying evidence and is based on study methodology, and corresponds to the strength of the evidence of the literature for the grade of recommendation [22] . Randomized trials with consistent results provide Grade A (high) support, randomized trials with inconsistent results or methodological flaws provide Grade B (moderate) support, while observational studies provide Grade C (low) support. The second highest grade of all studies in a category became the grade for the recommendation of use of the bone graft substitute for that category. We feel this most appropriately captures the range of quality of the studies for a particular indication. Various techniques have been described in the literature regarding methods to determine whether an arthrodesis had been achieved postoperatively, including static AP and lateral radiographs alone, inclusion of dynamic flexion/ extension radiographs, computed tomography (CT) scan, and surgical exploration during revision surgery. Radiographically, adequate fusion has been assessed for the presence of bony bridge formation between endplates on static films, progression of deformity, or uninterrupted bone bridging between transverse processes on at least one side of a fusion mass without breaks, clefts, or regions of resorption, with interobserver correlation of 86 % [23] [24] [25] . Flexion/extension radiographs allow evaluation of instrumentation motion or screw radiolucencies that may suggest loosening [23] . Outcomes of fusion analysis vary between radiographic and CT-reconstruction analysis. In a randomized animal model, CT scan was found to have a much higher accuracy for detecting fusion or pseudarthrosis than static or dynamic radiographs [26] . However, the correlation between the radiographic evidence of solid arthodesis and clinical outcomes has not been fully established. The specific manner of fusion analysis used in the literature will be discussed in subsequent sections.
Allograft
Fresh-frozen or freeze-dried allograft Clinical studies There are two important studies that pertain to all applications of the use of allograft in spine surgery. The first is a study evaluating the rate of postoperative bacterial infections after allograft use because there is the small chance that allograft could be infected with bacteria at the time of implantation. Mikhael et al. [27] performed a retrospective chart review on 1,435 patients who underwent spine fusion procedures with irradiated allograft (144), non-irradiated allograft (441), and autograft (850), and who had a minimum of 1-year follow-up. They found surgical site infections rates of 1.7, 3.2, and 4.3 % respectively, with no significant difference (p = 0.51). Thus, there is no increased risk of post-operative infections associated with the use of allograft bone. The second pivotal study is the one conducted by Buck et al. [28] evaluating the risk of viral disease transmission with allograft bone use. Buck et al. determined that the chance of receiving an allograft implantation from an HIV positive donor is 1 in 1.67 million. This is less than the risk of death from flying, 1 in 500,000, or the risk of death from driving, 1 in 7,000. Nasca et al. [29] reviewed the use of cryopreserved bone grafts in all of spine surgery, and deemed the use of allograft as safe and similar fusion rates to autograft. They did not evaluate based on procedure, so the fusion rates cited in the study are not as helpful as those cited below.
Anterior cervical The most commonly studied use of isolated allograft bone in the literature is for anterior cervical discectomy and fusion, and according to a literature review conducted by Glassman et al., the reported fusion rates range between 94 and 98 %, in which the studies used dynamic radiographs and CT scan [30] . A review of bone graft substitutes by Chau et al. [31] found a range of fusion rates between 54 and 100 %. Suchomel et al. conducted a prospective semi-randomized study comparing allograft to ICBG in 79 patients (113 disc levels) undergoing one or two level ACDF, with anteroposterior (AP) and lateral radiographs used to assess fusion over time [32] . They found no difference in graft migration or collapse. They found a significantly slower fusion rate at 3 and 6 months, which was no longer present at 1 and 2 years. Thus, the allograft group had similar fusion rates, just slightly longer time to fusion. Ryu et al. [33] prospectively randomized 40 patients to compare allograft to ICBG in a carbon fiber cage in ACDF. They found equivalent 100 % fusion rates at 12 and 24 months follow-up, utilizing dynamic radiographs to assess fusion and instability. Using similar analysis, Samartzis et al. [23] retrospectively reviewed 66 patients who underwent ACDF with either allograft or ICBG. They found fusion rates of 100 % in the allograft group and 90.3 % in the autograft group and concluded that allograft is a sufficient alternative to autograft. In long-term follow-up, Yue et al. [34] , report fusion rates of 92.6 % of disc spaces at an average of 7.2 years after surgery. They found a 47.9 % rate of graft subsidence, but only an 8.5 % rate of kyphosis (Recommendation: 1A).
Posterolateral lumbar The reported fusion rates with the use fresh-frozen or freeze-dried allograft bone in posterolateral lumbar fusions have wide variability in the literature. Gibson et al. [35] conducted a prospective, randomized trial comparing fresh-frozen femoral head allograft to ICBG in 69 patients undergoing instrumented posterolateral lumbar fusions. At 1-year follow-up, 5 of 30 of the ICBG group complained of donor site pain. When they excluded the patients with donor site pain, the RolandMorris scores were equivalent in the allograft and autograft groups. At more than 6 years follow-up, the clinical outcome scores were significantly better in the allograft groups. In another study, a prospective comparative study of 20 patients by An et al. [36] , they reported on fusion rates of different graft substitutes. The order of the rates of fusion as assessed via static and dynamic radiographs from highest to lowest were as follows: autograft bone, followed by a mixture of autograft and allograft, then fresh-frozen allograft, and finally freeze-dried allograft. Autograft bone had the highest bone density. This study supported autograft, but the numbers are too small to be conclusive (Recommendation: 1B).
Anterior lumbar interbody The use of allograft in anterior lumbar interbody fusions has similar success to posterolateral fusions. In a prospective, blind, single-site study, Thalgott et al. evaluated the outcomes and fusion rates of anterior lumbar interbody fusions with fresh-frozen or freeze-dried femoral ring allograft as part of a circumferential fusion in 50 patients. Upon radiographic assessment, fusion was found in 71.4 % of the 56 fusion levels [37] . The fusion rates in patients with freeze-dried allograft and fresh-frozen allograft were 65.38 and 76.67 %, respectively. In this study, there were 24 fusion levels in smoking patients, and 28 fusion levels in non-smoking patients.
Smoking was strongly associated with pseudarthrosis with [38] conducted a prospective, randomized study on 40 patients undergoing anterior interbody fusion and transpedicular fixation for spondylolisthesis. All patients underwent placement of a PEEK cage, but group 1 had ICBG placed in the cage and group 2 had allograft placed in the PEEK cage. They found that at 6 months follow-up, group 2 had lower fusion rates, but by 1-year follow-up, both groups had equal fusion rates assessed via either CT or radiographs. This study shows that allograft is also a sufficient bone graft substitute to place inside a cage (Recommendation: 1B).
Adolescent idiopathic scoliosis The use of allograft bone in adolescent idiopathic scoliosis surgery has limited results. Dodd et al. conducted a randomized clinical trial in which allograft was utilized for scoliosis repair in 20 patients averaging 15 years old. The radiographic assessment showed no significant difference in bone graft mass or maintenance of curvature correction when compared to autograft patients [5] . Aurori et al. [39] conducted a retrospective comparative study on 208 patients and found that there was no significant difference in the incidence of pseudarthrosis between allograft and autograft patients between 10 and 17 years old on radiographs or CT scan. Another study by Betz et al. [40] on 91 patients found that when adolescents underwent spinal fusion surgery without the addition of any material had a 100 % fusion rate at a minimum of 2-year follow-up. This is likely due to the large volume of local autograft bone harvested and also the ability of children and adolescents to heal and create a robust fusion mass. Knapp et al., in a multi-center, longterm retrospective review found a fusion rate of 97.8 % in patients treated with allograft, utilizing radiographs, CT scan, or bone scan [41] (Recommendation: 1A).
Recommendations
The grade of recommendations for the use of allograft bone in various spine fusions is summarized in Table 3 , which is based upon the studies cited above. In summary, because it has a low rate of viral disease transmission and is not associated with increase in surgical site infections, allogenic bone use for spinal surgery does not appear to pose a significant risk to the allograft recipient and we recommend its use in cervical and lumbar fusions. The use of allograft bone in adolescent idiopathic scoliosis cases is likely necessary in cases of a low volume of local bone available for fusion.
Demineralized bone matrix
Anterior Cervical The use of demineralized bone matrix has poor results in the cervical spine. An et al. in a prospective study at two centers found a significantly higher rate of graft collapse and pseudarthrosis in patients who underwent multilevel ACDF and were fused with allograft plus demineralized bone compared to autograft. The authors attributed this difference due to the high prevalence of smokers in the study group and also to the radiographic evaluation techniques (AP, lateral, flexion/extension radiographs) to assess fusion, as no advanced imaging was obtained for borderline cases ultimately considered to have pseudarthrosis [42] (Recommendation: 2A). Anterior Lumbar Interbody Anterior lumbar interbody fusions require structural support in addition to osteoconductive and osteoinductive materials. Because DBM lacks structural strength, DBM composites used for anterior spinal fusions should include a material imparting strength such as a metal cage or structural allograft. The use of DBM with structural allograft theoretically increases the risk of disease transmission due to the source of allograft bone from two donors. Thalgott et al. conducted a longterm prospective cohort study on a series of 50 patients with average 4 years follow-up using DBM composites with coralline hydroxyapatite and titanium mesh cages for anterior spinal fusions. They found this particular composite effective when it was used as part of a rigidly held in place circumferential fusion [43] (Recommendation: 1C).
Posterolateral Lumbar Clinical data on DBM is limited, yet most studies support the efficacy of DBM as a bone graft extender for posterolateral lumbar fusion. Kang et al. [44] performed a multicenter prospective randomized study to compare fusion rates of single-level posterolateral lumbar fusions with ICBG to Grafton plus local bone. The fusion rates were 85 and 83 %, respectively, with no statistically significant difference. Similar results of equivalent fusion rates using radiographic analysis were found in prospective study by Sassard et al., and a prospective pilot study by Schizas et al. [24, 45] . At a 1-year follow-up, the Grafton group showed a trend toward better patientreported outcomes; however, results are limited by the small number of patients per study group [44] . Cammisa et al. [46] conducted a prospective, multicenter equivalency trial on 81 patients. They compared Grafton DBM gel to an iliac crest autograft, and found that Grafton DBM gel could not extend the size of autograft required for a solid spinal fusion (Recommendation: 1C). Adolescent Idiopathic Scoliosis The use of DBM as an alternative to autograft for scoliosis spinal fusion surgery still needs further investigation to confirm its efficacy. Due to the long constructs and multiple fusion levels in many scoliosis corrections, utilizing a readily available graft substitute such as DBM is desirable. Price et al. retrospectively analyzed the efficacy of DBM in combination with bone marrow for a posterior spinal fusion in 77 scoliosis cases, and found that the fusion rates were comparable to those of iliac bone autograft combined with DBM composites [47] . Weinzapfl et al. [48] compared the use of allograft to DBM as a bone graft substitute in patients undergoing video assisted anterior thoracoscopic release and fusion for adolescent idiopathic scoliosis. At more than 1-year follow-up, fusion was observed on lateral radiographs in 82 % of the disc spaces in the allograft group and in 92 % in the DBM group, although this difference was not significant. Again, it should be noted, that allograft alone, not demineralized allograft in conjunction with iliac crest, is sufficient as a bone graft substitute in the fusion of adolescent idiopathic scoliosis patients [41] (Recommendation: 2C).
Recommendations
As outlined in Table 4 , the recommendations for use of DBM depend on whether it is being used as a bone graft substitute or bone graft extender. It also depends on the location of use. The results of DBM use in ACDF from the two studies have conflicting results, but the study with the better design has results in favor of DBM use in ACDF. The use of DBM as a bone graft extender or in conjunction with bone marrow aspirate in lumbar posterolateral fusions has good to excellent outcomes therefore we recommend its use. Anterior lumbar procedures require structural support and thus we recommend the use of DBM with structural non-allograft cages and/or in conjunction with posterolateral fusions. As discussed below, the use of structural allograft can be augmented with different bone graft extenders that do not increase the risk of disease transmission. DBM use in adolescent idiopathic scoliosis fusions is recommended as bone graft extender.
Platelet gels
Anterior Cervical In a double blind, randomized study by Feiz-Erfan et al., platelet concentrate was evaluated for evidence of superior fusion rates in ACDF. They followed 50 patients after ACDF in which half of the patients also had platelet concentrate added to the interbody fusion. They followed the patients radiographically at 6, 12, 52 weeks, and 2 years after surgery. The overall fusion rate was 84 % and the patients with degenerative disc disease treated with allograft plus platelet rich concentrate had higher rates of fusion at 12 weeks. The patients with soft disc herniations treated with allograft plus platelet-rich concentrate had lower rates of fusion at 12 weeks. At 1-year follow-up, all patients had equivalent fusion rates [49] (Recommendation: 2C).
Anterior Lumbar Interbody The clinical results of using platelet-enriched allograft are good, but with just one study the recommendation cannot be strong. Jenis et al. [50] conducted a prospective clinical study comparing plateletrich plasma enhanced allograft to ICBG in patients undergoing anterior-posterior lumbar fusion. They followed a total of 37 patients (52 levels) with static radiographs and CT scan, and at 6 months post-op, the fusion rates were equivalent at 56 %. At 12 and 24 months follow-up, the fusion rates were 85 % in the ICBG and 89 % in the PRP-enriched allograft group, although the difference was not significant. While the authors concluded that platelet-enriched allograft was a successful alternative to ICBG, they did not comment on the similar success rate of non-platelet enriched allograft. They also did not comment on the use of a unit of blood from the patient to get the volume of PRP to supplement the allograft, and whether this led to an increased need for post-operative transfusions (Recommendation: 2C). Posterolateral Lumbar The results of clinical studies do not support the use of platelet gels as a bone graft extender. Weiner and Walker retrospectively compared the rates of posterolateral lumbar fusion using iliac crest autograft alone and iliac crest autograft combined with platelet gel in 59 patients. The iliac crest fusion rate was significantly higher than the fusion rate of iliac crest in combination with platelet gel, at 91 versus 62 %, respectively, as assessed on static and dynamic radiographs. The authors concluded that platelet gel is not an effective enhancer of fusion and in fact lowered the efficacy of ICBG alone [51] . Carreon et al. [52] also retrospectively looked at the discrepancy between iliac crest autograft alone and iliac crest autograft in combination with platelet gel for one, two, or three level posterolateral lumbar fusion. At a minimum of 2 years follow-up in 76 patients utilizing CT scan and exploration during revision surgery, there was a 25 % nonunion rate for patients in the platelet gel group, while the iliac crest alone group experienced a 17 % nonunion rate. Tsai et al. [53] prospectively studied 34 patients who underwent posterolateral lumbar fusion with the addition of platelet gel to ALB. At 2 years follow-up with dynamic radiographs and CT scan, the nonunion rate was 15 % in the platelet gel group, compared to 10 % in the control group. Thus, the authors concluded that platelet gel does not enhance fusion. Thus, Tsai et al. agreed with the prior authors' conclusions, that platelet gel is not a beneficial bone graft enhancer for posterolateral lumbar spinal fusion [52] (Recommendation: 2C).
Transforaminal Lumbar Interbody Castro et al. studied a different application of platelet gel, a transforaminal lumbar interbody fusion (TLIF) in 86 patients. They observed a 19 % decrease in fusion rate in patients where platelet gel was used in comparison to ICBG alone. The decrease in fusion rate seen radiographically did not achieve significance due to the relatively small number of patients in the study, but Castro et al. concluded that there is no benefit to using platelet gel for TLIF surgery [54] . Hee et al. prospectively studied 23 patients and compared them to historical controls to evaluate the impact of platelet gels on instrumented TLIF surgery. They found that although the use of platelet gels do not increase the fusion rates, it may promote a faster rate of fusion [55] (Recommendation: 2C).
Recommendations
It would make logical sense that the addition of platelet gel to autologous iliac crest would enhance fusion rates due to the presence of TGF-b and PGDF. However, clinical study findings refute this hypothesis. Potential reasons for these results include rapid dissolving of the platelet gel and diffusion of growth factors, the concentration of growth factors may be insufficient to enhance fusion status, or possible presence of bone growth-inhibiting factors [52] . The required concentrations of growth factors within platelet gel to promote osteogenesis is currently unknown [19] . Thus, our level of recommendation is to not use platelet gels as a bone graft substitute or extender for spinal fusion.
Ceramics
Anterior cervical The overall fusion rates of anterior cervical fusion with ceramic bone grafts substitutes ranges between 74 and 100 % [31] . Cho et al. [56] conducted a prospective, randomized study comparing a biphasic calcium phosphate ceramic to ICBG in a PEEK cage for patients undergoing ACDF. They found that the fusion rate on static and dynamic radiographs of the calcium phosphate group was significantly lower than the ICBG group in the first 5 months, but by 6 months post-op, the fusion rates were equal. When evaluated by number of fusion levels, they found that with increasing number of fusion levels, the time to fusion was delayed. They also found decreased EBL and shorter hospital stays for the calcium phosphate group. Thus, the authors concluded that calcium phosphate is a good substitute for ICBG (Recommendation: 1B).
The use of hydroxyapatite also has good clinical results for anterior cervical fusions. McConnell et al. prospectively randomized 29 patients to undergo ACDF with either coralline hydroxyapatite or ICBG [57] . While both groups had 100 % fusion rates as seen on radiographs and CT scan, the hydroxyapatite group had a significantly higher rate of graft fragmentation (89 vs. 11 %) and settling (50 vs. 11 %). Iseda et al. [58] conducted a scintigraphic study in 12 patients comparing hydroxyapatite grafts to ICBG and found the both had the same rate of uptake until fusion. They concluded that the radiolucent line is not always a sign of pseudarthrosis in patients with hydroxyapatite (Recommendation: 1C).
Anterior Lumbar Interbody The studies evaluating the use of ceramics in interbody fusions have good results. Thalgott et al. [43] conducted a retrospective review of the long-term efficacy of hydroxyapatite as a bone graft replacement for anterior interbody fusion in lumbar spine in 50 patients. They concluded that hydroxyapatite, when combined with DBM and a titanium mesh cage, can be a bone replacement for anterior fusion when part of a circumferential fusion, with a fusion rate of 96 % as evaluated with dynamic radiographs. These results are difficult to interpret the success of the fusion as due to the hydroxyapatite or to the DBM (Recommendation 1C).
The use of Healos in anterior lumbar interbody fusions has also been evaluated. Neen et al. [59] prospectively studied 50 patients' age and gender matched to historical controls to evaluate the difference in fusion between Healos with BMA versus ICBG. Healos plus BMA was less effective at achieving radiographic anterior lumbar interbody fusions than historical controls, but achieved clinical interbody fusion (Recommendation: 2A). Posterolateral Lumbar Similar to the results of anterior lumbar studies, ceramics have been shown in clinical studies to have good outcomes when used as a bone graft extender for posterolateral lumbar fusions. Chen et al. [60] conducted a prospective clinical trial in 74 patients to study the efficacy of calcium sulfate pellets with local autograft bone versus iliac crest bone graft for instrumented short segment posterolateral lumbar fusion. Patients underwent single or multiple level fusions where one side was fused with ICBG and the test side was fused with autologous laminectomy bone (ALB) and calcium sulfate. For singlelevel fusions, the fusion rate as seen on radiographs of ALB and calcium sulfate was 87.2 versus 89.7 % on the ALB and ICBG side. For multiple level fusions, the fusion rates were 82.9 and 85.7 % respectively. A similar study by Chang et al. [61] demonstrated a fusion rate of 92.3 % by CT, but another study by Niu et al. [15] showed a fusion rate of only 45.5 % by radiographs at 1-year follow-up. In the prospective study by Niu et al., the 43 patients each underwent posterolateral fusion with ICBG in one gutter as a control, and in the other gutter either ALB plus BMA or calcium sulfate plus BMA. The 1-year fusion rate, assessed radiographically and on CT scan, for the ICBG gutters was 90.5 %, the ALB plus BMA was 85.7 %, and calcium sulfate plus BMA was 45.5 %. The difference between ICBG and calcium plus BMA was statistically significant. In a prospective, randomized study by Kasai et al. on 35 patients undergoing uninstrumented posterolateral lumbar fusion after multilevel laminectomy, they found fusion rates of 80 % using ALB mixed with various ratios of apatite and wolatsonite glass-ceramic granules. This demonstrates the ability of ceramics to function as an adequate bone graft extender even when instrumentation is lacking (Recommendation: 1C).
The use of b-TCP as a bone graft extender has had better results in the literature. Dai and Jiang conducted a prospective, randomized clinical trial in 62 patients comparing b-TCP and ALB to iliac crest autograft plus ALB for single-level posterolateral fusion, and found that there were no differences in the clinical outcome, nor the fusion rates on static and dynamic radiographs [62] . This study shows that ceramics can serve as a bone graft extender. With only one comparative study in the literature that does not state specific fusion rates or statistical significance values, the flaws of this study prevent a higher recommendation (Recommendation: 1C).
The clinical results for hydroxyapatite have mixed results. Acharya et al. [63] found that hydroxyapatite is not suitable as a bone graft substitute. They conducted a prospective, matched, controlled study comparing hydroxyapatite bioactive glass ceramic composite on one side of the posterolateral fusion to autologous bone on the contralateral side in 24 patients. At 1-year follow-up, 95 % of the patients had poor consolidation of the hydroxyapatite side of the fusion evaluated with AP radiographs, and the study was prematurely terminated. The authors concluded that this study clearly shows that hydroxyapatite is inferior to ICBG in posterolateral lumbar fusions (Recommendation: 2C).
One study shows that hydroxyapatite is not effective as a bone graft extender. Korovessis et al. conducted a prospective longitudinal randomized clinical and radiological study on 57 patients comparing iliac crest bone autograft to coralline hydroxyapatite with BMA and local autograft in instrumented posterolateral lumbar fusion [64] . They concluded through dynamic radiographs and CT scan evaluation that iliac bone autograft achieved a solid fusion while the coralline hydroxyapatite mixture needed a large bony surface. They do not recommend the use of hydroxyapatite for posterolateral fusion, but recommended its use over decorticated laminae (Recommendation: 2C).
Hydroxyapatite may still have a role as a bone graft extender in the formulation of Healos (20 % hydroxyapatite and 80 % type I bovine collagen). Findings from the study cited above by Neen et al. [59] supports the use of Healos with BMA as a bone graft substitute for posterolateral and anterior lumbar interbody fusion. They found that the fusion rates were equivalent for posterolateral and anterior interbody. Ploumis et al. [65] also found that hydroxyapatite may be a good bone graft extender. They conducted a prospective clinical trial in 28 patients who underwent posterolateral spinal fusion for degenerative scoliosis. They compared Healos combined with local autograft and BMA to local autograft with cancellous allograft. They found that both groups had similar results, with one case of pseudarthrosis in each group at 2-year follow-up. However, the Healos group on average took more time to achieve radiographic fusion (Recommendation: 1C).
Adolescent Idiopathic Scoliosis Successful results have been reported for the use of ceramics in scoliosis cases. Ransford et al. [18] conducted a prospective randomized clinical study on the efficacy of a synthetic porous ceramic as a bone graft substitute for posterior spinal fusion in idiopathic scoliosis utilizing static radiographs for fusion analysis, and concluded that it is a safe and effective substitute for autologous bone graft. LeHeuc et al. [66] conducted a comparative study evaluating allograft and autologous bone to b-TCP and autologous bone in 54 scoliosis patients with a minimum of 4-year follow-up. Both groups developed a radiographic fusion by 6 months and neither group had evidence of pseudarthrosis. The allograft group had a loss of correction of 33 % and the b-TCP group had a loss of correction of 8 %, but the authors did not determine significance. Muschik et al. [67] conducted a prospective clinical study and also reported that b-TCP is a viable alternative to allograft as a bone extender, even when large amounts are needed for scoliosis cases. Delecrin et al. [68] followed 58 patients who underwent posterior spinal fusion with local bone graft combined with either iliac crest bone graft or hydroxyapatite and tricalcium phosphate. They found radiographic evidence of successful incorporation and bone mass formation in both groups. Lerner et al. [69] conducted a prospective randomized trial 40 patients with adolescent idiopathic scoliosis in which patients underwent posterior spinal fusion with autologous local bone and either ICBG or b-TCP. One patient in the b-TCP group developed a pseudarthrosis at the distal aspect of the fusion seen on static radiographs and confirmed at surgical exploration. Ilharreborde et al. [70] conducted a retrospective review of 88 patients and found the bioactive glass group had a significantly better maintenance of correction on standing full-length static radiographs at 38 months follow-up than the ICBG group (Recommendation: 1C).
Recommendations
Overall, we recommend the use of ceramics as osteoconductors, but not without the use of additional osteoinductive material. Confirmation of fusion is based on X-ray or CT, so it is impossible to differentiate between ceramics and bone ingrowth [17] . Thus, it may be unclear whether the fusion masses represent new bone formation or the presence of an unfused ceramic mass. Since patients have good outcomes with the use of ceramics, we hypothesis that these radiographic findings represent new bone formation. There are multiple studies showing good patient outcomes when ceramics are used as bone graft extenders in posterolateral lumbar fusions. b-TCP is a strongly recommended bone graft substitute in posterolateral lumbar fusions, and hydroxyapatite is an intermediate-level recommendation as a bone substitute is for anterior cervical interbody fusion, when combined with rigid internal fixation for necessary support. The published studies on using ceramics in adolescent idiopathic scoliosis show that this application can yield successful results, and they show fusion when no local allograft bone is used. The summary of our recommendations for use of ceramic products is seen in Table 5 .
Conclusion
Though much progress has been made in the field of bone graft alternatives for spinal fusion, we believe that further research must be conducted. Approximately 1,400 products are available on the international market for use as bone void fillers including not only the substitutes discussed in this article, and must be evaluated to confirm the safety, efficacy, and associated risk factors. An ideal bone graft substitute with little or no associated complications and risks does not exist at this time. Currently, autograft is considered to be the gold standard. Allograft works well as an osteoconductive scaffold. Demineralized bone matrix leads to variable outcomes depending on the batch, due to the variability in growth factor content. Platelet gels have little clinical evidence of their efficacy. Ceramics are promising as osteoconductors and thus bone graft extenders, and bone graft substitute when used with bone marrow aspirate. A summary of the discussed bone graft substitutes' advantages and disadvantages can be seen in Table 6 and a summary of our recommendations is shown in Table 7 . We believe that patients and their surgeons should carefully select a treatment option that is the best match for the patient's particular circumstance.
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